Cigarette smoking not only promotes lung carcinogenesis, but it has also been demonstrated to promote the progression of lung cancer. Despite nicotine being a major component of cigarette smoke, it is not carcinogenic when acting alone. Instead, it is believed to function as a tumor promoter. Due to the fatal consequences of lung cancer being primarily associated with the processes of invasion and metastasis, the present study aimed to determine the effect of nicotine on the migratory activity of lung cancer cells. The effect of nicotine on the migration of lung cancer A549 cells was evaluated by a wound healing assay. Hepatocyte growth factor (HGF) was used as a pro-migratory stimulus. During several of the experiments, specific inhibitors of α7-nicotine acetylcholine receptor (α7-nAchR), phosphoinositide kinase-3 (PI3K) and extracellular signal-related kinase (ERK)1/2 were included. The phosphorylation levels of Akt and ERK1/2 were examined using a cell-based protein phosphorylation assay. It was observed that nicotine did not induce cell migration by itself, but that it instead promoted HGF-induced cell migration. The effects of nicotine were inhibited by the pretreatment of the cells with the α7-nAchR inhibitor, methyllycaconitine, and the PI3K inhibitor, LY294002. The mitogen-activated protein kinase/ERK kinase kinase inhibitor exerted modest, but non-significant inhibitory activity on the effect of nicotine. Nicotine did not induce Akt phosphorylation by itself, but instead promoted the HGF-induced phosphorylation of Akt. It was also observed that nicotine had no effect on ERK1/2 phosphorylation. The results from the present study indicate that nicotine, when alone, does not have a pro-migratory function, but instead enhances responsiveness to the pro-migratory stimulus emitted by HGF. The current study provides an insight into the mechanism of tumor promotion by demonstrating that nicotine and α7-nAchRs act in synergy with the HGF-induced PI3K/Akt signaling pathway, increasing the sensitivity of lung cancer cells to HGF, and thereby promoting cell migration, a vital step in invasion and metastasis.
Introduction
Lung cancer has one of the lowest survival rates of all types of cancer, accounting for 1.59 million mortalities in the world in 2012 (1) . Smoking, particularly of cigarettes, is estimated to cause 87% of the lung cancer mortalities in men, and 70% of the lung cancer mortalities in women (2) . Cigarette smoke contains numerous carcinogens, of which, polycyclic aromatic hydrocarbons and the tobacco-specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol, are likely to serve major roles (3) . However, recent evidence suggests that cigarette smoking not only promotes lung carcinogenesis, but that it also promotes the progression of lung cancer (4) . For example, continued smoking during lung cancer treatment has been associated with decreased survival (5) , while smoking cessation during the treatment improves the therapeutic outcome (6) . Furthermore, cigarette smoking increases the risk of recurrence and the cancer-specific mortality in non-cigarette smoke-associated cancers, including prostate cancer (7, 8) . Nicotine is one of the components of cigarette smoke that may promote cancer progression.
Whilst it does not exert direct carcinogenic activity, nicotine is commonly accepted instead as a tumor promoter (4) . Recent evidence suggests that the tumor-promoting effects of nicotine result in increased proliferation, invasion, mesenchymal transition (EMT) and angiogenesis, and decreased cell death and apoptosis (4, (9) (10) (11) (12) (13) (14) (15) (16) (17) . However, the molecular mechanisms by which nicotine promotes tumor progression are not yet fully understood.
Cell motility is a critical event during the invasion and metastasis of cancer cells. During the present study, the effect Nicotine enhances hepatocyte growth factor-mediated lung cancer cell migration by activating the α7 nicotine acetylcholine receptor and phosphoinositide kinase-3-dependent pathway of nicotine on the motility of lung cancer A549 cells was investigated. It was demonstrated that nicotine, by itself, does not induce A549 cell migration, but instead promotes hepatocyte growth factor (HGF)-induced migration. The tumor-promoting effect of nicotine was mediated by its binding to α7-nicotine acetylcholine receptors (α7-nAchR) and the subsequent upregulation of the HGF-stimulated phosphoinositide kinase-3 (PI3K)/Akt signaling pathway. The results of the present study indicate that nicotine enhances the pro-migratory effect of HGF on lung cancer cells, thereby potentially contributing to lung cancer progression.
Materials and methods
Cell culture. Lung cancer A549 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were grown and maintained on bovine type I collagen-coated (Nippi, Inc., Tokyo, Japan) plates in Dulbecco's modified Eagle's medium (DMEM; Gibco ® ; Thermo Fisher Scientific, Inc., Waltham, MA, USA), containing 10% fetal bovine serum (FBS) at 37˚C in a humidified incubator saturated with a gas mixture containing 5% CO 2 .
In vitro wound healing assay. The migratory activity of the cells was determined by the in vitro wound healing assay (18) . A549 cells were grown to confluence in 24-well plates. The cells were serum-starved in 0.5% FBS for 48 h and were subsequently washed with phosphate-buffered saline (PBS). The cells were then scratched in a straight line with a sterile 200-ml tip and washed twice with PBS. Following this, the cells were incubated in serum-free DMEM containing or lacking HGF (20 ng/ml; PromoCell GmbH, Heidelberg, Germany) and in the presence or absence of nicotine (0.1, 1 and 10 µM; Wako Pure Chemical Industries, Ltd., Osaka, Japan). In several experiments, medium was added with specific inhibitors 1 h prior to the treatment with HGF and nicotine. The specific inhibitors included: Methyllycaconitine (10 µM; Sigma-Aldrich Japan, Tokyo, Japan), an inhibitor of α7-nAchR, LY294002 (5 µM; Cayman Chemical Company, Ann Arbor, MI, USA), an inhibitor of PI3K, and PD98059 (5 µM; Cayman Chemical Company), an inhibitor of mitogen-activated protein kinase (MAPK)/extracellular signal related kinase (ERK) kinase (MEK). Following 12 or 18 h, the cells were fixed with 10% formalin and washed twice with PBS. Wound healing was observed with the Olympus Model IX71 Fluorescence Microscope with phase contrast (Olympus Corporation, Tokyo, Japan) equipped with a digital camera. The area of the wound was measured using image analysis software (Win Roof Version 3.5; Mitani Corporation, Fukui, Japan) on a Microsoft XP computer. A total of 5 measurements were taken from 5 fields of each well, obtained from 6 wells in each experiment.
Cell-based protein phosphorylation assay. The A549 cells were grown to 90% confluence in 96-well plates and serum-starved in DMEM with 0.5% FBS. The cells were subsequently treated with HGF (20 ng/ml) and/or nicotine (10 µM) for 2 h, and fixed with 10% formalin. Phosphorylation of ERK1/2 and Akt protein was assayed using the phospho-ERK1/2 antibody or the phospho-Akt antibody from Fast Activated Cell-based ELISA kits (Active Motif, Carlsbad, CA, USA), according to the manufacturer's protocols. Absorbance was measured using a Benchmark Plus microplate spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 450 nm, with a reference wavelength of 655 nm. Following this, the wells were stained with a crystal violet solution and the absorbance at 595 nm was measured. The protein phosphorylation levels were corrected for the cell number by dividing the optical density (OD) 450 reading for a given well by the OD 595 reading for that well.
Statistical analysis. The statistical analyses were performed using Excel X software with the add-in software Statcel 3 (OMS Inc., Tokyo, Japan). Data are expressed as the mean ± standard error of the mean. Statistical differences were analyzed by analysis of variance, and if the results were significant, the Tukey-Kramer test was employed as a multiple comparison post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Nicotine promotes the migration of HGF-treated A549 cells.
The migration of cancer cells is a vital step in cancer invasion and metastasis. To determine the effect of nicotine on A549 cell migration, a wound healing assay was conducted, which is typically considered to be a simple and reliable test for the evaluation of cell motility. During the assay, the cells were maintained in serum-free medium in order to avoid any potential modulatory effect that the serum may have on cell motility. As presented in Fig. 1 , it was observed that nicotine had no effect on cell migration towards the scratched area in serum-free medium, suggesting that nicotine does not induce cell migration when acting alone. Subsequently, it was examined whether nicotine affects cell migration induced by a pro-migratory stimulus. HGF, which has been demonstrated to be the major pro-migratory stimulus for epithelial cells, including A549 cells, was utilized for this purpose (19) (20) (21) . As expected, HGF treatment increased cell migration towards the scratched area ( Fig. 1 ). When 0.1 and 1 µM nicotine was added to the HGF-treated cells, the cell migratory activity significantly increased (P<0.01; Fig. 1C ). Such results suggest that nicotine does not induce cell migration working alone, but that it instead promotes the cell migratory response to the pro-migratory stimulus HGF.
Nicotine promotes HGF-induced cell migration through α7-nAchR. To determine whether the effect of nicotine in promoting HGF-induced cell migration is mediated by activation of the nicotine receptor, the A549 cells were pretreated with the α7-nAchR antagonist, methyllycaconitine, prior to adding nicotine to the HGF-treated cells. As presented in Fig. 2 , pretreatment with methyllycaconitine abrogated the effect of nicotine in promoting the cell migration induced by HGF treatment (P<0.05). These results suggest that nicotine enhances the pro-migratory effect of HGF on A549 cells through the activation of α7-nAchR-mediated signaling pathways.
Nicotine promotes HGF-induced cell migration by potentiating PI3K/Akt activation. HGF binds to and activates its only known receptor, c-Met, a receptor tyrosine kinase that mediates downstream signaling cascades (20) (21) (22) (23) . Results obtained thus far indicate that the nicotine/α7-nAchR-mediated signaling pathway interacts with the HGF/c-Met-mediated signaling pathway. The downstream signals of HGF/c-Met include ERK1/2 and PI3K/Akt (20, 21) . The current study therefore investigated the potential involvement of these downstream signals in the mediation of HGF-induced cell migration. It was demonstrated that pretreatment of the cells with the PI3K inhibitor, LY294002, significantly inhibited the effect of HGF in promoting cell migration (P<0.05; Fig. 3 ). Similar results were observed following pretreatment of the cells with the MEK inhibitor, PD98059, although the effect was not statistically significant ( Fig. 3) . These results suggest that the activation of PI3K/Akt is required for HGF/c-Met-mediated downstream signaling events that result in A549 cell migration.
Effect of nicotine on the activation of PI3K/Akt. As previously reported (21) , HGF treatment induced the phosphorylation of Akt in the A549 cells (P<0.05; Fig. 4A ). Nicotine alone did not induce Akt phosphorylation, but it was noted that it enhanced the HGF-induced phosphorylation of Akt when compared with HGF alone (P<0.01). While HGF treatment also significantly induced the phosphorylation of ERK1/2 (P<0.05; Fig. 4B ), nicotine had no such effect on the phosphorylation level of ERK1/2 in either the HGF-treated or HGF-untreated cells. When combined, these results indicate that nicotine enhances HGF-induced cell migration through the activation of α7-nAchRs, whilst also amplifying the HGF-induced activation of PI3K/Akt.
Discussion
During the present study, it was demonstrated that nicotine does not induce A549 cell migration alone, but that it does promote HGF-induced cell migration. Furthermore, it was also observed that the promotion of HGF-induced cell migration by nicotine mediated its binding to α7-nAchR, and that as a result, the HGF-mediated PI3K/Akt signaling pathway is amplified.
Such results indicate that nicotine is not a pro-migratory factor by itself, but that it instead enhances the cell-migratory responsiveness to the pro-migratory stimulus of HGF. The findings that nicotine did not induce migration in quiescent A549 cancer cells in the absence of HGF is inconsistent with the results of previous studies, which observed that nicotine itself exerts a pro-migratory effect in various types of cancer cells (10, (12) (13) (14) 16, 17) . The reasoning behind the inconsistent results between the present study and previous studies remains uncertain, however, it may be attributed to differences in the experimental protocol. The current study performed a wound healing assay in serum-free medium following 48 h of serum starvation, while in previous studies, the assay was performed in serum-supplemented medium (10,12,14,17) , and/or without serum starvation prior to inflicting the scratch (16) . Since serum may contain pro-migratory factors, including HGF, serum contamination during the wound healing assay may therefore potentiate cell migration following the addition of nicotine.
HGF serves a critical role in cancer progression by upregulating cell proliferation, migration, invasion and angiogenesis (22) . Elevated HGF and c-Met expression, as well as numerous c-Met mutations, have been reported in human cancer, including lung cancer, and have been demonstrated to be correlated with a poor prognosis (22) . Accordingly, c-Met has been proposed as a possible therapeutic target for the treatment of lung cancer (23) . However, the HGF/c-Met-mediated signaling pathway is complex. Recent evidence suggests that c-Met cross-talks with other receptors, including the epidermal growth factor receptor and the recepteur d'origine nantais (23) . To the best of our knowledge, the present study provides evidence of crosstalk between HGF/c-Met and nicotine/nAchR for the first time.
The current study demonstrated that the PI3K inhibitor, LY294002, inhibited cell migration that had been induced by HGF treatment, corroborating the results of previous studies and establishing that PI3K/Akt is an essential mediator downstream of HGF/c-Met (20, 22, 23) . It was also demonstrated that Akt was activated by HGF, but not by nicotine. However, Akt activation by HGF treatment was enhanced when the cells were co-treated with nicotine. These findings suggest that nicotine upregulates the HGF-induced activation of the PI3K/Akt pathway, leading to the enhancement of the cell migratory response to HGF.
nACHRs mediate a number of the effects exerted by nicotine (24) . Among them, α7-nAchR has been demonstrated to be expressed in cancer cells, including lung cancer A549 cells (24, 25) . Lending support to the demonstration of cross-talk between nicotine/α7-nAchR and HGF/c-Met in the present study, previous studies have established that nicotine/α7-nAchR cross-talks with the downstream signaling of various growth factors, including epithelial cell growth factor, basic fibroblast growth factor and vascular endothelial cell growth factor, promoting cancer cell proliferation (4, 17, 24) . However, the mechanisms underlying signal crosstalk are complex. The binding of nicotine to nAchR increases Ca 2+ influx, thereby potentially modulating Ca 2+ -dependent signal transduction (11, 24) . Nicotine may also increase the expression of receptor tyrosine kinases and the recruitment of growth/migration-associated factors to the surface of cells (17, 24) . The effects of nicotine demonstrated in the present study are unlikely to be due to direct activation of PI3K/Akt by nicotine, as nicotine alone did not induce phosphorylation of Akt in the serum-free condition in the absence of HGF. It is conceivable that nicotine/α7-nAchR may act in synergy with the HGF/c-Met-induced pathway, elevating the sensitivity of cancer cells to HGF, and thereby promoting cell migration.
In the present study, nicotine enhanced HGF-induced cell migration at concentrations of 1 and 10 µM. This range of nicotine concentrations reasonably mimics the nicotine concentrations observed in vivo in humans. While plasma concentrations of nicotine in chronic smokers are reported to range between 0.01 and 1 µM (26), lung tissue concentrations of nicotine may be much higher, due to the direct contact of the lung tissue with nicotine in cigarette smoke. Figure 4 . Effects of nicotine on the phosphorylation of Akt and ERK1/2. A549 cells were incubated for 2 h in a serum-free medium containing 10 µM nicotine, either in the presence or absence of 20 ng/ml HGF. Protein phosphorylation was detected using either (A) the phospho-AKT antibody or (B) the phospho-ERK1/2 antibody, from Fast Activated Cell-based ELISA kits. The protein phosphorylation levels were corrected for the cell numbers. The bars represent the mean ± standard error of the mean of 6 wells. Akt, protein kinase B; ERK, extracellular signal-related kinase; HGF, hepatocyte growth factor.
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In conclusion, the current study demonstrated that nicotine treatment potentiates the migratory responsiveness of lung cancer cells to HGF. Cumulative evidence suggests that nicotine may have a broad spectrum of tumor-promoting activities, which include increasing cell proliferation, invasion, EMT and angiogenesis (4) . The present study provides an insight into the mechanism of the promotion of tumor cell activities initiated by nicotine, by demonstrating how nicotine-modulated growth factor-mediated signal transduction leads to increased cell motility, a vital step in cancer invasion and metastasis. Furthermore, the results also provide evidence of the inhibition of α7-nAchR as a potential therapeutic target.
